Abstract Breast cancer survivors are at increased risk for cognitive dysfunction, which reduces quality of life. Neuroimaging studies provide critical insights regarding the mechanisms underlying these cognitive deficits as well as potential biologic targets for interventions. We measured several metabolite concentrations using 1 H magnetic resonance spectroscopy as well as cognitive performance in 19 female breast cancer survivors and 17 age-matched female controls. Women with breast cancer were all treated with chemotherapy. Results indicated significantly increased choline (Cho) and myo-inositol (mI) with correspondingly decreased Nacetylaspartate (NAA)/Cho and NAA/mI ratios in the breast cancer group compared to controls. The breast cancer group reported reduced executive function and memory, and subjective memory ability was correlated with mI and Cho levels in both groups. These findings provide preliminary evidence of an altered metabolic profile that increases our understanding of neurobiologic status postbreast cancer and chemotherapy.
Introduction
According to the National Cancer Institute, breast cancer is diagnosed in 1 out of every 8 women during the lifetime (NCI 2012) . Although survival rates have steadily increased over the past decades, many of these women experience long-term effects of the disease and its treatments. Cognitive impairments are among the most common quality of life complaints, affecting up to 75 % of patients (Janelsins et al. 2011) . These impairments reduce quality of life, hinder workplace performance and make it more difficult to follow treatment regimens (Stilley et al. 2010) .
Cognitive studies implicate the prefrontal cortex as a region of significant vulnerability to the effects of breast cancer and/or its treatments (Wefel et al. 2011) . Neuroimaging studies by our laboratory and others' have consistently demonstrated abnormal prefrontal cortex function following chemotherapy (Silverman et al. 2007; Kesler et al. 2009a; McDonald et al. 2010; de Ruiter et al. 2011b; Kesler et al. 2011; Bruno et al. 2012; McDonald et al. 2012a; McDonald et al. 2012b ). These studies demonstrate that prefrontal cortex is the most commonly affected region in breast cancer irrespective of imaging modality (e.g. VBM, fMRI, PET) and even when whole brain analyses are conducted. Additionally, prefrontal cortex Vardy 2009; Janelsins et al. 2011; Wefel et al. 2011; Wefel and Schagen 2012) . The prefrontal cortex shows significant susceptibility to injury, stress and disease (Arnsten 2011) , as well as to normal aging (Lemaitre et al. 2010) .
Prefrontal cortex abnormalities have been associated with subjective difficulties in everyday, real-world executive behaviors (Kesler et al. 2011; McDonald et al. 2012b ). These findings suggest that prefrontal status may be a sensitive biomarker for patients' cognitive complaints. Importantly, executive-prefrontal deficit is the best predictor of medication adherence in breast cancer patients (Stilley et al. 2010 ) and thus may be indirectly associated with health status.
1 H-magnetic resonance spectroscopy ( 1 H-MRS) has been shown to be highly sensitive to metabolic abnormalities underlying cognitive deficits (Wang et al. 2011) . MRS is a neuroimaging technique that provides in vivo measurement of various neurometabolites that are markers of brain parenchymal integrity and function. To date the number of 1 H-MRS studies in breast cancer patients is limited. One previous study was conducted in 8 patients with breast cancer focusing on the parieto-occipital region (Brown et al. 1998) . A more recent study involving a larger sample measured metabolite levels in the left centrum semiovale of breast cancer survivors (de Ruiter et al. 2011a) . We extended upon these findings by measuring several metabolite concentrations in the prefrontal cortex of women treated for breast cancer and age-matched healthy female controls. The metabolites examined included N-acetylaspartate (NAA), myo-inositol (mI), choline containing compounds (Cho), glutamine + glutamate (Glx) and creatine containing compounds (Cr). We hypothesized that the breast cancer group would show altered metabolite levels in the prefrontal cortex corresponding to reduced cognitive function.
We included NAA, Cr and NAA/Cr as these have been examined in other brain regions among women with breast cancer, as noted above. NAA is considered a marker of neuronal health, viability and/or number. However, NAA can also reflect reversible dysfunction of neuronal tissue (Maddock and Buonocore 2012) . Previous studies indicate that gray matter volume, particularly in prefrontal regions, is initially reduced following breast cancer chemotherapy with recovery in certain regions over time McDonald et al. 2012b) . NAA levels may provide further insight into gray matter atrophy and recovery following breast cancer. Cr is critically involved in energy metabolism and homeostasis (Maddock and Buonocore 2012) , which may have implications for chemotherapy-related cognitive fatigue (Schifitto et al. 2011) . mI is associated with microglial activity (Maddock and Buonocore 2012) which may be relevant for a proinflammatory-cytokine model of chemotherapy-related neurotoxicity (Tangpong et al. 2006; Seruga et al. 2008) .
Cho is a marker of neuronal density and/or rate of membrane turnover (Maddock and Buonocore 2012) . mI and Cho and particularly NAA/mI and NAA/Cho have been shown to be highly sensitive to cognitive decline (Bozgeyik et al. 2008) . Glx arises from both neurons and glial cells, providing insight regarding the function of glutamatergic systems in the brain (Maddock and Buonocore 2012) . Glutamate is a major neurotransmitter involved in learning and memory processes and has been shown to be reduced in individuals with cognitive impairment (Francis 2003) . There are other metabolites that could be examined as well. Considering our sample size, we emphasized those that have the most robust spectra peaks in the context of our 1 H-MRS pulse sequence in combination with particular relevance for breast cancer-related cognitive dysfunction.
Methods

Participants
This study included 19 right-handed women with a history of primary breast cancer (stages I-III) and 17 right-handed healthy female controls ages 40-75. Groups were matched for age, education, IQ and minority status although there were slightly (p = 0.09) more women who were postmenopausal in the breast cancer group (Table 1 ). All women in the breast cancer group were treated with chemotherapy (Adriamycin/Cytoxan = 5, Adriamycin/Cytoxan/Taxol or Taxotere = 1, Cytoxan/Methotrexate/5-Fluororacil = 2, Cytoxan/Taxol or Taxotere = 10, Cytoxan/Taxol or Taxotere/5-Fluororacil=1) and were, on average, 5.3±4. 2 years off-therapy (range 1-13 years). Eight women had a history of tamoxifen treatment and 14 also received radiation (7 had both radiation and tamoxifen). Participants were excluded for neurologic, psychiatric or medical conditions known to affect cognitive function (e.g. (GE Medical Systems, Milwaukee, WI) . A T2-weighted axial anatomical series involved a fast spin echo accelerated pulse sequence (TR=4000 msec, TE=17 msec, TE2=85 msec, flip angle=80°, slice thickness=4 mm, interleaved with T1 slices, # of averages=32, field of view= 240 mm). A 2 cm isotropic MRS voxel (TR=2000 msec, TE=29 msec, TE2=85 msec) of approximately half gray and half white matter was prescribed in the prefrontal cortex on the first slice superior to the lateral ventricles, in the lateral most regions just anterior of the lateral ventricles. Because the slice thickness was 4 mm, the voxel was placed anywhere from 0 mm to 4 mm above the lateral ventricles as far lateral as possible while remaining in the cerebrum and visually maintaining approximately equal parts gray and white matter (see Fig. 1 ). This voxel prescription has been well established in previous studies by our group and others (Chang et al. 2003; Chang et al. 2009; Kesler et al. 2009b) and was designed based on known anatomical landmarks in consultation with MRS imaging experts at the Stanford Lucas Center. MRS was acquired for the left and right hemispheres separately. CHESS was used to attain water suppression.
MRS analysis
Processing of the MRS spectra occurred via the fully automated LC Model (Provencher 2001) . Eddy current correction and water scaling were used. Spectra were considered usable by visual inspection and/or if LC Model indicated %SD, a measure of resolution and noise level, less than 20 % (see Fig. 1 ). One spectrum from the control group was excluded. Metabolite levels from left and right hemispheres were averaged given that we had no hypotheses regarding lateralization based on previous literature and to reduce the number of statistical comparisons in this small, preliminary sample. In 5 cases, only data from a single hemisphere (4 left, 1 right) was available, which was used in place of averaging both hemispheres.
Masks were created in MarsBar (http://marsbar. sourceforge.net) such that the mask center corresponded to the coordinates of the participant's individual MRS voxel prescription. The T2 images were segmented using FSL (http://www.fmrib.ox.ac.uk/fsl/), tissue volumes within the masks were extracted for each participant using REX (http:// web.mit.edu/swg/software.htm) and the mean percentage of each tissue type in each voxel was calculated. Betweengroup analysis of these mean (left + right) ratios revealed no significant differences (Table 1) .
Neuropsychological assessment
All participants completed tests of cognitive function including Matrix Reasoning and Information subtests of the Wechsler Adult Intelligence Scale 4th Edition (WAIS-IV) (Wechsler 2008) used to derive an estimate of global intelligence (IQ), Delis-Kaplan Executive Function System (DKEFS) Letter Fluency subtest (Homack et al. 2005) , Neuropsychological Assessment Battery (NAB) Categories test (Stern and White 2005) , Hopkins Verbal Learning TestRevised (HVLT-R) (Benedict et al. 1998) and Wisconsin Card Sorting Test (WCST) (Heaton 2004) . We used the Perseverative Errors outcome of the WCST given our previous research showing that this score discriminates between breast cancer survivors and healthy controls (Kesler et al. 2011) .
We also administered domain-specific self-report measures including the Behavioral Rating Inventory of Executive Function (BRIEF) (Roth et al. 2005 ) and the Multifactorial Memory Questionnaire Ability Scale (MMQ) (Troyer and Rich 2002) . Additionally, we administered the Clinical Assessment of Depression (CAD), a self-rating measure of depression, anxiety and fatigue (Aghakhani and Chan 2007) . The neuropsychological assessment was conducted on the day of MRS acquisition. All scores were converted to T scores (mean=50 +/− 10) based on published normative data for each measure.
Statistical analyses
Metabolite levels Group differences in mean absolute metabolite concentrations were assessed using one-way analysis of covariance (ANCOVA) in SPSS 19 (www.spss.com). Metabolites included NAA, mI, Cho, Glx and Cr. We also examined metabolite ratios including NAA/Cr, NAA/Cho and NAA/mI using ANCOVA. Analyses were controlled for mean spectra-related confounds (voxel gray matter composition, signal-to-noise and full-width half maximum) (Prescot, et al. 2011) . Age, menopausal status, tamoxifen and CAD scores were also included as covariates; however, these model terms were removed from the model if insignificant at the 0.05 level to improve parsimony.
Neuropsychological status Differences in cognitive tests and subjective measures were assessed using ANCOVA with age, menopausal status, tamoxifen, radiation and CAD scores included as covariates (removed from the model if p>0.05).
Exploratory correlational analyses Relationships between menopausal status, age, education level, abnormal metabolite concentrations (those that differed between groups) and abnormal neuropsychological measures (scores that differed between groups) were explored within each group separately using two-tailed Pearson or Spearman correlations as appropriate. Time off-therapy, tamoxifen, radiation and disease stage were also examined in the breast cancer group.
Results
Metabolite levels As shown in Table 2 , the breast cancer group demonstrated significantly increased mI and Cho with decreased NAA/Cho and NAA/mI levels compared to controls. NAA, NAA/Cr, Cr, and Glx were not significantly different between groups. Age, menopausal status, radiation, tamoxifen and CAD scores did not contribute significantly to the metabolite ANCOVA models.
Neuropsychological status As shown in Table 3 , the breast cancer group demonstrated significantly elevated BRIEF and decreased MMQ scores compared to the control group indicating increased self-report of executive and memory deficits, respectively. IQ estimate (including Matrix Reasoning and Information), HVLT-R Total and Delayed Recall, Letter Fluency, Categories, WCST and CAD score were not significantly different between groups. Age was a significant covariate in the WCST and Categories models and CAD score was significant in the BRIEF model but none of the other covariates contributed to the neuropsychological ANCOVA models.
Exploratory correlational analyses As shown in Fig. 2 , in the breast cancer group, there was a significant correlation between MMQ score and Cho (r=−0.62, p=0.005) as well as mI (r=-0.55, p=0.02). There were no significant correlations in the control group. There were no significant correlations between Cho, mI, NAA/Cho, NAA/mI and the BRIEF or between NAA/Cho, NAA/mI and MMQ in either 
Discussion
The present findings demonstrated increased mI and Cho with correspondingly decreased NAA/mI and NAA/Cho in a group of chemotherapy-treated breast cancer survivors who were, on average, 5 years off-therapy. These results were observed in comparison with a sample of healthy matched female controls. A previous MRS study in breast cancer showed a decrease in NAA/Cr from chemotherapy induction to 3 months post-therapy and a decrease in Cho/Cr at 9 months post-therapy (Brown et al. 1998 ). Another, larger study showed decreased NAA/Cr in the left centrum semiovale at >9 years post-treatment (de Ruiter et al. 2011a). Our study confirms abnormalities in neural metabolite levels following breast cancer treatment. Additionally, we expanded upon the previous results by including additional metabolites and a focus on the prefrontal cortex.
Cho is associated with cell membrane metabolism and myelination (Bozgeyik et al. 2008) and is a precursor of acetylcholine, which is essential for memory function (Tayebati et al. 2011) . NAA/Cho is used as an indicator of neuronal density to axonal density (Bozgeyik et al. 2008) . Cholinergic pathways are known to subserve several cognitive processes affected by breast cancer chemotherapy including executive function, attention and memory (Kesler et al. 2009b; Newman et al. 2012; Wefel and Schagen 2012) . It has been suggested that elevated Cho reflects membrane catabolism that increases free choline to counteract acetylcholine deficiency at the expense of membrane maintenance (Tayebati et al. 2011) . Breast cancer and chemotherapy may increase the necessity for such compensatory mechanisms.
mI is involved in glial function and is a precursor of inositol triphosphate and phosphatidylinositol. These molecules are important second messengers in signal transduction cascades, affecting neuronal excitability and neurotransmitter release (Gamper and Shapiro 2007) . Increased glial cell activation and mI accumulation occur in the context of elevated cytokine levels (Yorek et al. 1998; Schneider et al. 2012 ). Cytokinemediated neuroinflammation and consequent oxidative and nitrosative damage are believed to play a critical role in neurotoxic brain injury following chemotherapy (Tangpong et al. 2006; Tangpong et al. 2007; Joshi et al. 2010) . Accordingly, elevated cytokine levels are associated with cognitive dysfunction and neurobiologic alterations following breast cancer chemotherapy (Kesler et al. 2013) , including abnormal frontal cortex function (Ganz et al. 2013 ). Our findings therefore provide further evidence supporting proinflammatory cytokine dysregulation as a potential mechanism underlying cognitive dysfunction in breast cancer. Increased Cho and mI as well as decreased NAA/Cho and NAA/mI have been associated with aging (Bozgeyik et al. 2008) . Decreased NAA/Cho, and especially NAA/mI, have also been shown to be highly predictive of Alzheimer's dementia (Wang et al. 2011) . Previous studies suggest an accelerated aging process following breast cancer chemotherapy Kesler et al. 2011; Koppelmans et al. 2011; Kesler et al. 2013) . We have also previously reported results of an observational study in which we identified a subset of women with breast cancer who demonstrated progressive decline in cognitive function after chemotherapy (Wefel et al. 2010) . However, there were no significant correlations between age and brain metabolites in the present study. Further study is required to determine the interactions between chemotherapy, aging and neurometabolite levels. mI has been reported to be lower in women with breast cancer taking tamoxifen and healthy women receiving hormone replacement therapy, when compared to healthy women not receiving hormone replacement therapy (Ernst et al. 2002) . Since approximately half the women with breast Fig. 2 Correlations between prefrontal metabolite levels and self-rated memory function. Panel A shows increased mI associated with decreased MMQ score in the breast cancer group. Panel B illustrates increased Cho associated with decreased MMQ score in the breast cancer group. There were no significant correlations in the control group cancer in our study were currently or had previously received tamoxifen, our elevated mI results are even more compelling as one would expect a reduction of mI in this group. Post-hoc analysis indicated no significant difference in mI between women who received tamoxifen and those who had not (p=0.97, d=0.01). However, there was more variation in mI among the tamoxifen group (SD=1.1) compared to the no tamoxifen group (SD=0.34). The breast cancer group also had more post-menopausal women than the control group. This is expected given that chemotherapy frequently causes early menopause (Vehmanen et al. 2006) . Menopausal status and tamoxifen were controlled for in the analyses, neither was a significant covariate in any of the models, nor were they correlated with metabolite levels or cognitive function. However, further research regarding the interaction between breast cancer, chemotherapy, estrogen deficiency and brain metabolism is warranted.
Unlike previous studies, we did not observe a significant decrease in NAA or NAA/Cr. As noted above, we focused on the prefrontal cortex whereas previous studies examined metabolite levels in parietal-occipital (Brown et al. 1998) and left centrum semiovale regions (de Ruiter et al. 2011a ). More importantly, our MRS voxel included equal parts of gray and white matter while previous studies measured metabolite levels in white matter only. Therefore, differences in results could reflect regional and/or tissue-specific metabolite alterations. The Brown et al. study included mI but measured metabolites only acutely (Brown et al. 1998 ). Similar to our study, de Ruiter and colleagues investigated long-term breast cancer survivors but did not include mI (de Ruiter et al. 2011a) . Therefore, the discrepancy in findings could also reflect acute versus persistent effects and further study is required to evaluate this possibility.
The present study suggests that increased Cho and mI are associated with decreased self-reported memory ability in breast cancer survivors. Prefrontal cortex is known to play a critical role in memory and learning (Leh et al. 2010 ) and we previously demonstrated abnormalities of the prefrontal cortex associated with verbal memory function in breast cancer survivors (Kesler et al. 2009a) . Studies from our laboratory as well as others have also previously demonstrated correlations between prefrontal cortex abnormalities and elevated BRIEF scores in breast cancer patients and survivors (Kesler et al. 2011; McDonald et al. 2012b ). However, we did not observe a correlation between BRIEF scores and metabolite levels in the present study despite BRIEF scores being significantly elevated in the breast cancer group. It should be noted, however, that, while the MMQ score was impaired on average in the breast cancer group, the mean BRIEF score was not clinically significant (T score of 65 or higher is considered significant (Roth et al. 2005) ). The lack of correlation between altered prefrontal metabolites and BRIEF score may reflect sample characteristics, insufficient metabolite abnormalities to result in behavioral differences, or it may suggest that the specific executive behaviors measured by the BRIEF correspond better with other measures of prefrontal cortex physiology (i.e. gray matter volume, BOLD activation).
The prefrontal cortex is known to be commonly affected by a range of conditions and may have unique neurochemical properties that increase its vulnerability to injury and disease (Diamond 2011) . However, it is unknown if the metabolic changes noted in the present breast cancer group are region specific or represent a more global deficit. Prefrontal cortex abnormality often points to a distributed injury (Elliott 2003) and accordingly, recent studies indicate widespread reductions in white matter integrity (de Ruiter et al. 2011a; Deprez et al. 2011; Deprez et al. 2012 ) and brain network organization (Bruno et al. 2012; Hosseini et al. 2012) following breast cancer treatment. Future studies of brain metabolism in breast cancer should include multi-voxel acquisitions when possible to help determine if there are regional differences in brain metabolism following breast cancer chemotherapy.
We did not find any between group differences on objective cognitive tests. However, longitudinal analysis of cognitive function tends to yield better results given that a change in individual ability level may be significant despite the group average being "normal" or comparable to controls. Additionally, a decline in cognitive function may occur in only a subset of subjects and is thus masked by the overall group mean (Wefel et al. 2004; Ouimet et al. 2009; Wefel et al. 2010) . We have observed significant between group differences in previous, larger studies using these same cognitive measures (Kesler et al. 2011; Bruno et al. 2012; Kesler et al. 2013) . Therefore, the present null results may also reflect limited statistical power.
Post-hoc analysis indicated no correlations between BRIEF and MMQ with any of the objective tests used in this study which is consistent with previous studies of selfreport measures in breast cancer (Castellon et al. 2004; Quesnel et al. 2009; Vardy 2009 ). Self-report measures of cognitive function tend to be correlated with psychiatric distress (Vardy 2009 ). In the present study, CAD score was a significant covariate in the BRIEF model but not the MMQ. Although participants were excluded for diagnosed mood disorder or psychoactive medications and were matched for psychiatric symptom report, these symptoms can affect cognitive and prefrontal function (Wefel et al. 2011) . In this study, there were no significant correlations between CAD scores and metabolite levels or cognitive function. However, further evaluation of the potential effects of depression on brain metabolism in breast cancer is required. Overall, the fact that certain self-report measures, particularly those that are domain specific like the MMQ, are correlated with neurobiologic status suggests that these measures may be of significant benefit in studies of cognition and cancer.
Lower education was associated with lower NAA/mI in the breast cancer group. These findings suggest that chemotherapy-treated women may be more vulnerable to the effects of lower cognitive reserve (Stern 2009 ) on brain physiology. Our results are consistent with previous studies demonstrating an association between lower education level and decreased performance on measures of prefrontalmediated skills including executive functioning (Kesler et al. 2011 ) and processing speed in women with breast cancer. Education level, like other proxies of cognitive reserve suggests a higher level of mental activity that is neuroprotective (Stern 2009 ). Recent evidence suggests that cognitive training may decrease prefrontal mI in individuals with mild cognitive impairment (Boripuntakul et al. 2012) . Patients with breast cancer status post chemotherapy have been found to exhibit improved cognitive function after participating in a neuroplasticity-based cognitive retraining intervention (Von Ah et al. 2012) . It remains to be determined if this improvement is a result of alterations in brain physiology and/or cognitive reserve.
In addition to possible behavioral interventions, our findings may help inform future pharmacologic treatments for cognitive dysfunction following breast cancer chemotherapy. For example, treatment with donepezil, an acetylcholinesterase inhibitor, has been shown to decrease mI levels with associated improvements in cognitive function in patients with dementia (Henigsberg et al. 2011 ). Mice treated with chemotherapy and donepezil demonstrated greater preservation of cognitive function compared to mice treated with chemotherapy alone (Winocur et al. 2011) . When phosphatidyl inositol (a product of myo-inositol) is inhibited in rats, cytokine migration across the blood-brain barrier is blocked (Yang et al. 2009 ). Longitudinal studies using larger samples are required to determine if mI and/or Cho represent viable targets for potential pharmacotherapies.
Limitations of this study include small sample size, which restricts the interpretation of the results. The large time-range for time-off-therapy also limits the results as there may be differences in early and long-term survivors that were not detectable in this small sample. The present findings do not provide information regarding the differential effects of cancer versus chemotherapy treatments on metabolite levels and we did not have information regarding chemotherapy dose. Longitudinal studies are required to determine if between group differences in memory and executive functioning actually reflect changes from preillness status and to help determine the specific effects of disease and treatment parameters over time. Our study was restricted to prefrontal metabolite levels as we expected it a priori to be an area of significant vulnerability. Future studies with larger sample sizes are needed to expand these findings to include other brain regions, additional cognitive domains and examine the potential effects of specific chemotherapy regimens, hormonal blockade treatments, psychiatric status and other medical variables.
In conclusion, our study demonstrates preliminary evidence of increased mI and Cho concentrations as well as decreased NAA/Cho and NAA/mI ratios in women treated for breast cancer. The profile of metabolic differences is similar to that seen in normal and pathological aging. Although we did not observe associations between age and metabolite levels in this sample, our results provide further insight regarding brain injury in breast cancer survivors. Specifically, these findings suggest that breast cancer and/or chemotherapy may alter glial function, neuronal density and/or axonal density in the prefrontal cortex. Further, certain alterations in neurometabolism may be associated with increased memory complaints and lower cognitive reserve. If replicated in larger, longitudinal studies, our findings may have implications for future interventions such as providing biologic targets for pharmacotherapy.
